We present an experimental realization of a low-noise, phase-insensitive optical amplifier using a four-wave mixing interaction in hot Rb vapor. Performance near the quantum limit for a range of amplifier gains, including near unity, can be achieved. Such low-noise amplifiers are essential for so-called quantum cloning machines and are useful in quantum information networks and protocols. We demonstrate that amplification and ''cloning'' of one half of a two-mode squeezed state is possible while preserving entanglement. The inseparability criterion between the two original modes remains satisfied for small to large gains, while the EPR criterion is satisfied for a smaller range. This amplification of quantum correlations paves the way for optimal cloning of a bipartite entangled state.
INTRODUCTION
The theory of ideal, linear, phase-insensitive amplifiers for optical states is well developed 1 because of their potential application in the amplification of quantum states. These devices are also useful for implementing continuous-variable quantum computing and quantum information protocols [2] [3] [4] , which are themselves of interest because of certain advantages that continuous variables bring such as the ability to generate entanglement deterministically 5 . Some quantum information protocols may require the amplification of a quantum state in order to distribute information within a quantum network. Phase-insensitive amplifiers are also required to implement the quantum analog of the classical copier, a so-called quantum cloning machine [5] [6] [7] . The simple ability to amplify quantum information has a host of uses similar to the way that amplification and copying of classical information is used.
A linear, phase-insensitive amplifier for Gaussian states may be considered "universal" in the sense that its operation is independent of the quantum state of the input light. This class of amplifier is necessary when considering quantum cloning. Of course, it is impossible to make perfect clones of a quantum state [8] [9] [10] [11] , since any optical amplifier must add a certain amount of noise, as predicted by quantum mechanics 1 . However, it is possible to ask the question, how good of a copy can we make? Using a universal amplifier and a beamsplitter, a copy can be made with the lowest amount of added noise allowed by quantum mechanics, a so-called "optimal quantum clone" 5, 12 .
When considering the noise added by an amplifier, it is convenient to refer to the noise figure (NF), which is the signal to noise ratio (SNR) of the amplified signal divided by the SNR of the input:
An ideal phase-insensitive amplifier has a noise figure of where G is the amplifier intensity gain. This formula is valid for phase-insensitive amplifiers with G > 1 (losses may reduce an amplifier's net gain below 1, but the ideal noise figure does not apply to this case). At large gains the noise figure approaches the limit of ½. Devices with ideal noise figures are said to be quantum-noise-limited and are desirable since they preserve the original quantum state as much as possible. Using such a device followed by a beam splitter, it is possible to make optimal quantum clones of arbitrary Gaussian states.
To date only a few implementations have been reported. Using parametric down conversion (PDC) in nonlinear crystals, Levenson et al. achieved near quantum-noise-limited behavior in the high intensity pulsed pump regime 13 . In the cw pump regime it was observed that PDC was quantum limited when coupling efficiencies into the medium were accounted for 14 . A completely different approach more recently used linear optics and electronic feed-forward techniques in order to amplify 15 and optimally clone 16 coherent states.
The experiment presented here used a near-resonant nondegenerate four-wave mixing (4WM) interaction in 85 Rb to amplify signals in a narrow frequency band. Although 4WM in an atomic vapor is often accompanied by sources of excess noise, we have found conditions which allow the construction of a nearly ideal, quantum-noise-limited amplifier. The device offers a few advantages: the nonlinear gain is large enough to allow for single-pass amplification without the use of a cavity, the signal field experiences little absorption, and there are no other mechanisms that would add excess noise to the signal beyond the amplification. The results show performance near that of an ideal amplifier for a range of amplifier gains from 1 to 5. To construct a quantum cloning machine, the intensity gain of the amplifier was set to 2, and the output was passed through a beamsplitter. We used the device to amplify one of the modes of a two-mode squeezed state (twin beams) in order to make quantum clones, essentially cloning one half of an entangled state. The sections below discuss the device configuration, followed by characterization of the noise figure, and subsequently analysis of the cloning operation.
NOISE FIGURE
The amplifier is based on 4WM near the D1 resonance (795 nm) in 85 Rb. Figure 1A shows the D1 line energy level diagram associated with the 4WM process. This energy level structure is known as a double-lambda system. The same configuration has previously been used to produce squeezed light 17, 18 and entanglement 19 . Here a 400 mW pump was passed through the vapor cell, while a small probe (50 µW) was injected at a slight angle so that they overlapped throughout the 12 mm length of the vapor cell. In this configuration the atoms absorb pump photons, and a coherence is built between the two hyperfine ground state levels, which enhances the nonlinear conversion efficiency. The 4WM itself is a coherent process; as soon as two pump photons are simultaneously absorbed, the probe and conjugate photons are simultaneously emitted, which leads to quantum correlations. The pump and probe were cross-polarized, and a polarizing beam splitter (PBS) was used after the vapor cell to separate the output from the pump mode. Spontaneous 4WM can also occur when only a pump is present and no probe or conjugate field is incident on the vapor cell. Such a system still leads to quantum correlations in the output. The vapor cell temperature was raised to 110°C so that the number density of the atomic gas was high enough to result in observable 4WM. 
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Theoretical Noise Figure
The 4WM medium used here has the same input/output relations as a standard phase-insensitive amplifier. That is, the amplifier simultaneously amplifies and mixes the input, as any phase-insensitive amplifier must do. In terms of the quantum operators for the electric fields, they are transformed according to:
where and are the quantum lowering (raising) operators for the probe and conjugate, G is the amplifier intensity gain, and the primed variables denote output of the amplifier. If either the probe or the conjugate were seeded with a coherent state with intensity I and the other left with vacuum input, the expected intensity of the output light would be . The amplifier would produce another output, an ancillary beam, with an intensity of . In a typical amplifier the ancillary beam is ignored or discarded. The intensity gain depends on the pump power and the third order nonlinear coefficient of the 4WM process.
The question is how much noise does a given amplifier add to its output. If only one of the amplifier modes (probe or conjugate) has a nonzero input, the noise added by an amplifier to its output is where N >> G is the number of photons incident on the amplifier. This follows from the input-output equations above. The signal to noise ratio is thus proportional to . The signal to noise ratio of the input is proportional to N, which leads to the ideal noise figure mentioned in the previous section. An imperfect amplifier adds noise according to , which means the noise figure will always be lower than the ideal one.
The noise added by the amplifier is only measurable if the output is verified with a perfect detector. An imperfect detector will underestimate the amount of excess noise the amplifier adds, which would artificially inflate the noise figure 21 . The underestimation of excess noise stems from the idea that detector efficiency is usually modeled as a perfect detector with a beam splitter in the beampath between the amplifier and detector. Excess noise is attenuated while the beam splitter simultaneously couples vacuum noise into the signal. One can account for this if the detector efficiency is known. The noise is then proportional to where η is the detector efficiency. The measured signalto-noise ratio of the input light also depends on detector efficiency. If the detector efficiency is not taken into account, then a larger input SNR than is actually measured will be used to calculate the ideal noise figure (since SNR is scaled by η). This results in a lower value for the theoretical prediction. Taking detector efficiency into account, the noise figure of an ideal amplifier is if the input is characterized with the same detector as the output. As , . The result is an increase in the theoretical prediction for the ideal noise figure vs. the same with a perfect detector. Since experimental data is invariably the result of measurements with an imperfect detector, empirical noise figures should be compared to , since this is the most conservative comparison possible.
A visual indicator of how close to ideal an amplifier performs is how far below the theoretical ideal noise figure the empirical data falls. Data derived from an imperfect detector will always fall closer to than to , which leads one to believe that a given amplifier performs closer to the ideal regime than it actually does if detector efficiency isn't taken into account. Conversely, if it was possible to characterize the input SNR with no error while the output SNR was still measured with an imperfect detector, the theoretical prediction would actually be lower than ( , see figure 2 below) 13 . Such a situation did not arise in our lab, because the input and output were both always measured with the same imperfect detector. 
Empirical Noise Figure
We characterized our 4WM-based amplifier by measuring the noise figure as a function of gain. The test setup consisted of the 85 Rb vapor cell with a pump and a modulated signal beam injected at a slight angle (Fig. 1B) . The amplifier had two input ports, one of which could be seeded at either the probe or conjugate frequencies, while the other was left with vacuum input. Depending on which frequency was seeded, the signal was either up-shifted or down-shifted by ~3 GHz from the pump. As shown in Fig. 1A , the upshifted signal was called the conjugate, while the downshifted signal was called the probe.
The input was a 50 µW shot-noise limited beam with an 800 µm waist and amplitude modulation at 1 MHz in order to provide a signal peak 20 dB above the noise floor. The signal beam was derived from the pump by passing part of the pump through an acoutso-optic modulator driven by a radio-frequency (RF) signal generator capable of amplitudemodulating its RF output. In order to verify that the input approximated a coherent state as closely as possible, the noise power was measured and compared to the total power. A linear increase in noise power as a function of total beam power indicates that the beam is shot-noise-limited. The SNR was measured with an RF spectrum analyzer centered at 1 MHz and was proportional to the distance of the peak above the noise floor.
The input SNR was measured first. Flip mirrors were used to bypass the vapor cell, the light was detected directly, and the signal was sent to the spectrum analyzer (see Fig. 1B ). The detector efficiency used for these measurements was 95%. Once the input SNR was measured, the flip mirrors were moved so that the signal beam could pass through the vapor cell. The amplified signal was separated from the pump using a PBS and then sent to the same detector to measure the SNR and total gain simultaneously. The noise figure was obtained by dividing the output SNR by the input SNR.
An important point is that bypassing the vapor cell for the first measurement eliminates losses on the vapor cell windows that otherwise would lower the SNR. Essentially, this has the effect of rolling the window losses into the noise added by the amplifier, since the effects of these losses will show up in the output SNR. This means that the empirical noise figure data cannot coincide with the ideal noise figure under any circumstances, since absorption adds extra vacuum noise that an ideal amplifier would not. Further, the losses on the output PBS are also not taken into account when measuring the input SNR, since it is also bypassed, and this degrades the noise figure yet further. The combined losses on the vapor cell windows and PBS are ≈5%. One could choose to include these losses in the detector efficiency for the output SNR measurement, so that only the noise figure of the atomic vapor inside the cell would be characterized. The empirical data would fall closer to the ideal noise figure in this case. However, our experimental setup contained the least input and output losses possible when using this 4WM configuration as an amplifier (it would be impractical to consider the possibility of using just a vapor as an amplification medium with no windows whatsoever, for instance). Thus, we chose to characterize the noise figure of the realistic device as implemented in the lab, using the same detector efficiency for input and output measurements. That is, rather than correct the data for the losses or compare the uncorrected data to , we chose to compare the uncorrected data to , which is the most conservative comparison. Both the gain and noise figure depend on several parameters. The temperature of the vapor cell controls the Rb number density, which affects the gain. The detuning of the pump from the D1 line along with the frequency difference between the pump and probe (or conjugate) also changes the nonlinear efficiency. These possibilities represent a large parameter space to explore, and only a subset of parameters result in a near-ideal noise figure. The cell temperature was fixed at 110°C in order to provide the best gain while limiting losses due to the Doppler-broadened absorption profile. The pump power was also fixed at 400 mW, and the frequency difference between the pump and signal was kept at 3036 MHz. With these settings the gain was controlled by changing the pump detuning from atomic resonance -the closer to resonance, the higher the gain in the absence of any other effects. In practice the gain is affected by signal absorption and competing processes as the pump moves closer to resonance. The total scanning range for the pump detuning was ≈1 GHz centered on the 4WM gain maximum, which resulted in the range of gains shown in Fig. 3 below. It is important to note that because the frequency difference between the pump and signal beam was fixed at 3036 MHz, whenever the pump detuning was changed, the signal frequency also changed by an equivalent amount. When the probe beam is seeded, the amplifier performs well for pump detunings to the blue of the gain maximum. Once the pump frequency passes through the gain maximum and is tuned further to the red, the probe beam begins to experience absorption as it moves closer to the atomic resonance, and the noise figure degrades. The conjugate frequency is located much farther from resonance than the probe, and experiences little to no absorption. As the pump is tuned from the blue towards the gain peak, the noise figure seeding on the conjugate follows just below the ideal noise figure. When the pump is tuned red of the gain peak the noise figure seeding on the conjugate is better than the noise figure seeding on the probe due to the lack of absorption. It is important to note that the data should be compared to the dashed line in figure 3 , , since the measurements were done with an imperfect detector.
The measured noise figures, particularly for the conjugate, show that the amplifier performs near the quantum limit.
Since the conjugate field is generally better, it makes sense to consider amplifying quantum information stored in that mode. In the next section we detail how the amplifier entangles its two inputs, and in the subsequent section it is shown how the conjugate mode was cloned while preserving entanglement with the probe mode.
QUANTUM ENTANGLEMENT
Theory
The input-output equations show that the amplifier mixes the two inputs. They can be rewritten in terms of the generalized quadratures (which is motivated by the fact that the quadratures can be detected through interference measurements), which are linear superpositions of the raising and lowering operators:
Probe Conjugate
The angle θ represents the angle relative to the amplitude axis in the quadrature phase space or the phase angle of the local oscillator relative to the signal when performing a homodyne measurement to detect the quadrature. In particular, two orthogonal phase angles are of interest: and . These quadratures correspond to what are generally called the amplitude, X, and phase, Y, quadratures. In terms of these components the generalized quadrature can be rewritten as , which gives a more intuitive picture of how the quadrature varies as a function of phase. The input-output equations in terms of X and Y are:
Examining the noise of linear combinations of these operators reveals quantum noise reduction (or squeezing). Specifically, the joint quadrature is squeezed ( is a scaling parameter equal to one for pure states): , with and . For , the variance of the difference between the output amplitudes is reduced relative to the variance of the difference between the input amplitudes. For a coherent state (or vacuum) input, the light is in a minimum uncertainty state, and the total noise is simply the shot noise (the total noise used to calculate the SNR for the input in the previous section, otherwise known as the standard quantum limit). In other words, the Heisenberg uncertainty inequality takes on its minimum value, , and , for coherent states in units of shot noise. Saying that the amplitude difference between the two output beams is squeezed is another way of saying that their statistics are quantum-correlated. While the amplifier adds excess noise to an individual beam in the output relative to the input, it actually adds noise to both the signal beam and the ancillary beam in the same way. Likewise, examining the sum of the phases, , of the output beams reveals the same degree of quantum noise reduction: .
It is possible to describe the two inputs together as a joint quantum state. Both the probe and conjugate are in minimum uncertainty states. Their joint state, described by , and , is also in a minimum uncertainty state ( ). For the output states, the amplifier adds noise to an individual mode, meaning that it is no longer in a minimum uncertainty state. However, for the joint output state the total variance in units of shot noise is conserved relative to the input 22 ( ). If is squeezed, then is antisqueezed by the same amount (the amount of excess noise above the shot noise level is equivalent to the amount that the other quadrature is squeezed). Of course, and do not have a Heisenberg uncertainty relation, and both quantities can be squeezed simultaneously. If the joint output state is a minimum uncertainty state, then the two joint quadratures are squeezed by the same amount.
The statistics of the output modes are correlated to better than the shot noise level. This means that if one were to measure the amplitude of the probe field, then the conjugate field amplitude could be predicted to better than its shot noise. The same is true for the phases of the two fields. Since in general , we are presented with a paradox because the ability to predict the amplitude or phase with accuracy better than the shot noise level seems to violate the Heisenberg uncertainty principle. This is precisely the EPR paradox which originally laid out the idea of quantum entanglement 23 . The crux is that having both and squeezed simultaneously is evidence that the two beams of light theoretically exhibit the EPR paradox, or are entangled in other words, if the output is a pure state. In practice, pure states are difficult to create in the lab; the output light is most often in the form of statistical mixtures.
There are criteria which describe the degree to which such statistical mixtures are entangled. Two beams are said to be inseparable when for some which is tuned experimentally by scaling one of the quadratures in order to minimize the joint quadrature variances 24, 25 . The inseparability criterion can be rewritten as , where the N subscript indicates that the variances have been normalized to their shot noise levels (which is for each quadrature). In this case, while the EPR paradox is not necessarily realized, the total wavefunction is nonetheless not factorisable into a product of wavefunctions for the constituent subsystems, which is a hallmark of entanglement. The EPR criterion, , quantifies the degree to which the joint output state exhibits correlations in line with the EPR paradox by checking the conditional variances, and , which predict the variance on the measurement of a quadrature in the probe beam given the variance on the same quadrature in the conjugate beam 25 . The converse measurement can also be done, and generally the two measurements do not necessarily yield equal values if the state is not pure ( ). The conditional variances are normalized to the shot noise of the system being estimated 26,27 : , where , minimizes the variance, and is not the same value for that maximizes inseparability. The EPR criterion is applicable to mixed states, so that even if the output state is not pure, the degree to which the output modes exhibit EPR correlations can be quantified.
Experimental entanglement generation
To use the 4WM process in order to generate entanglement, a pump was incident on the cell while the inputs were left in vacuum states, resulting in an output of a two-mode squeezed vacuum state 19 . This same 4WM process (in a separate vapor cell) was used as the amplification mechanism for the results presented in the next section. The experimental setup is shown in Fig. 4 below.
Two separate Rb vapor cells were used. One was the source of the entangled beams (unseeded process), and the other was used to amplify the conjugate beam. A neutral density filter was placed after the amplifier in order to simulate a beam splitter. To check the degree of entanglement between the two outputs of the first cell, the amplifier was turned off by blocking the pump input so that the conjugate field experienced no gain in the second vapor cell, and the ND filter in front of the homodyne detector was removed. To measure the entanglement, homodyne detection was performed on the output so that each beam's quadratures were measured simultaneously. It was shown previously that a separate 4WM process should be used in order to generate the local oscillators required to measure the quadratures 19 . In that case, one 4WM process was used in an unseeded configuration to produce the vacuum twin beams, while the other used a seed to generate the strong local oscillators (seeded with 200 μW, with ≈800 μW output in each beam). Both processes took place inside the same cell, spatially separated from one another. Equal pump powers were used to generate the entangled twin beams and the local oscillators by splitting the main pump laser. The phases of the two local oscillators were scanned synchronously so that at any given time the same quadrature was detected for both beams. The measured quadratures were thus where θ is the phase angle for both local oscillators. The two signals were both summed and subtracted from one another using a hybrid junction after passing the conjugate signal through an electronic attenuator, which had the effect of setting the value. For some θ the sum is equal to Y + , while for θ + π/2 the difference is equal to X -. Sending these signals to spectrum analyzers gives access to their noise, which is the quantity of interest for checking the entanglement criteria.
The 4WM process generated an output with 4.3(2) dB (all uncertainties are 1 standard deviation combined statistical and systematic) of noise reduction in both joint quadratures. This is the baseline level of quantum noise reduction that the amplifier was measured against. The homodyne detection signal is shown below in Fig. 5 . This level of quantum noise UA reduction corresponds to I = 0.74 (2) and E pr,c = 0.40(3) for the entanglement criteria, meaning that the beams are inseparable and also exhibit EPR correlations. 
QUANTUM CLONING
As shown in the experimental setup in Fig. 4 , the conjugate mode from the entangled output of the first Rb cell is passed through a 4f imaging system, a second Rb cell, and then a ND filter. Because 4WM was used for both the entanglement generation and amplification, the parameters in the 2 nd cell were locked by the settings for the first cell. The frequency difference between the pump and conjugate was kept at 3036 MHz, and the pump frequency was held constant at ≈800 MHz detuned from the D1 line. The cell temperature was therefore used to change the gain in the second cell.
The gain-loss product of the amplifier-ND filter system was maintained at unity for each data point. This insured that the conjugate's homodyne detector always had the same gain, which was comparable to the probe's. Perhaps more importantly, keeping the gain-loss product equal to unity allowed us to characterize the amplifier-ND filter system as a quantum cloning machine for a range of configurations, including for asymmetric clones (when the clones have unequal intensities) and for the usual implementation with an amplifier gain of 2 followed by a 50/50 beam splitter (when both clones have equal intensities to the input).
Since we use a variable attenuator to simulate a beam splitter, one of the clones is always lost after the cloning operation. It is absorbed in the ND filter, and hence cannot be measured. However, losing one of the clones is irrelevant with respect to the statistics observed when measuring the transmitted mode, since the distribution of light into either of the two cloned modes is completely random (the quantum input-output equation for an attenuator is the same as for a beam splitter when considering only one output port). For the purposes of comparing the cloned modes to the original unmodified probe mode, it is only necessary to measure one of the clones.
The LO for the conjugate was also passed through the amplifier-ND filter combination so that its wavefront underwent the same distortions as the conjugate mode. Keeping the LO path as close as possible to the conjugate path is a convenient way to ensure that mode-matching is optimized at the homodyne detector.
With each new setting for the gain and ND filter, the parameter also changes. For each data point, was determined empirically by tuning the electronic attenuator shown in Fig. 4 in order to minimize the inseparability and conditional variances. Determining in the case of inseparability measurements is straightforward by directly minimizing the variances 28 . In the case of the EPR parameter, it is slightly more complicated because the conditional variances are not output by the detectors when is set to minimize the variances, but they can be calculated from the homodyne detection signals. When is at its optimum value of , the conditional variance becomes
The quantities and are the noise powers for the individual beams, and can be directly measured by blocking the probe or conjugate homodyne detector and observing the output of the other detector on the spectrum analyzer. The same quantities are used in since the 4WM process is phase insensitive ( ). The quantity can be found from expanding the expression for the quadrature sum (the antisqueezed joint quadrature) noise normalized to the shot noise level:
The antisqueezed quadrature is accessible from the sum of the two homodyne detector signals when the local oscillator phase is set to zero or a multiple of π. Using these measurements, the optimum value of can be empirically determined. Once the optimal is known, the conditional variances can be observed by setting the attenuator after the conjugate's homodyne detector to the proper value. The same method is used to measure the other conditional variance , except that the total noise is derived from the difference signal when the LO phase is a multiple of π/2. Figure 6 shows another example of the homodyne detection signals, this time with the amplifier turned on and set to a gain of 1.5 and the ND filter set to transmit 66.7% of the conjugate. The quantum noise reduction of 2.0(2) dB corresponds to an inseparability of I = 1.26 (4) and E pr,c = 1.26 (8) . Here E pr,c is shown instead of E c,pr because the latter is found by using the probe to infer the conjugate quadrature, which will be less successful than using the conjugate to infer the probe. Due to the excess noise added to the conjugate during amplification, the variances are unbalanced. Only a portion of the total noise in the conjugate beam is correlated with the probe noise, meaning it is impossible to use the probe to predict how much noise the amplifier adds to the conjugate. The disagreement between E pr,c and the theory is due to experimental difficulty in ascertaining the purity of the input state. Adapted from a previous publication 20 . Figure 7 shows that the beams remain inseparable for a gain up to 2.8. The plot also shows that for a gain of 2 followed by attenuation of 50%, the conjugate is still entangled with the probe. Notably, if both symmetric clones were transmitted by a 50/50 beam splitter, both clones would be entangled with the probe.
The EPR parameter proves to be somewhat less robust than the inseparability. After a gain of 1.2 EPR correlations are lost. The EPR correlations degrade quickly because they are sensitive to the purity of the state. For a pure state, the antisqueezing is equal to the inverse amount of squeezing, and any degree of quantum noise reduction means that the two beams satisfy the EPR paradox. For a mixed state, the antisqueezed quadratures are noisier. It is possible to have quantum noise reduction but so much noise on the individual modes that the conditional variances become too large to satisfy the EPR inequality. The inseparability, on the other hand, does not take into account the purity of a state -it describes how separable the density matrix is regardless of whether it represents a pure state. In the case of the present experiment, the excess noise added to the conjugate mode can be thought of as the result of tracing over the unused ancillary beam, which is entangled with the amplified conjugate. By ignoring the ancillary beam, our measurements are acting on an increasingly mixed state as gain increases (and the ancillary beam increases in power) and the ND filter transmission decreases. The effect of the partial trace could be somewhat eliminated, however, if we were to perform a measurement with the ancillary beam in order to try and extract information about its entanglement with the cloned modes. It would still be impossible to recover 100% of the quantum information shared by the probe, clones, and the ancilla, however, because the 4WM process always outputs mixed states (and thus cannot perfectly preserve quantum information), as evidenced by Fig. 5 . Nonetheless, the device operates very close to the quantum limit, meaning that it preserves close to the maximum amount of information allowed by quantum mechanics when operating in its optimal configuration.
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CONCLUSION
In this paper we have demonstrated that 4WM in Rb vapor is a nearly quantum-noise-limited amplifier, and it was shown that the noise figure of the device in certain configurations can approach the quantum limit. Pump and probe frequency, temperature, and pump power are all factors that must be considered when attempting to amplify a signal with as little noise as possible. We have also demonstrated the ability to locally clone one mode from a two mode squeezed state and maintain entanglement with the unamplified mode. In particular, the symmetric cloning operation was shown to retain entanglement between the clones and unamplified mode. This is an important milestone in the direction of cloning an entire entangled state. If the performance of the amplifier could be improved by preserving more quantum noise reduction or adding slightly less excess noise, it is conceivable that the state could remain inseparable for gains of 3 or higher, in which case one would have three cloned modes all entangled with the unamplified mode. Further, the ability to amplify multiple spatial modes in parallel 19 could lead to cloning of entangled images.
The data presented in this paper was originally published in another journal in a shorter format 20 . The present manuscript is an expanded version, with more discussion on certain points and more theoretical background to illuminate the discussion.
